Systemic primary carnitine deficiency (CDSP, OMIM 212140) is an autosomal recessive disease characterized by low serum and intracellular concentrations of carnitine. CDSP may present with acute metabolic derangement simulating Reye's syndrome within the first 2 years of life. After 3 years of age, patients with CDSP may present with cardiomyopathy and muscle weakness. A linkage with D5S436 in 5q was reported in a family. A recently cloned homologue of the organic cation transporter, OCTN2, which has sodium-dependent carnitine uptake properties, was also mapped to the same locus. We screened for mutation in OCTN2 in a confirmed CDSP family. One truncating mutation (Trp132Stop) and one missense mutation (Pro478Leu) of OCTN2 were identified together with two silent polymorphisms. Expression of the mutant cDNAs revealed virtually no uptake activity for both mutations. Our data indicate that mutations in OCTN2 are responsible for CDSP. Identification of the underlying gene in this disease will allow rapid detection of carriers and postnatal diagnosis of affected patients.
INTRODUCTION
CDSP is due to a defective plasmalemmal uptake of carnitine, which results in renal wastage (1) and a very low intracellular level of carnitine (2) . Patients may present with acute illness simulating Reye's syndrome in young babies or with cardiomyopathy in late infancy (3) . Investigations of fibroblasts from these patients identified a defect in the sodium-dependent high-affinity transporter situated in the plasmalemmal membrane (4, 5) . This transporter mediates uptake of carnitine against a concentration gradient with an apparent Michaelis-Menten constant of 5-15 µmol/l (6,7). Hereditary severe carnitine deficiency in a mouse model has recently been described, where the defect could be mapped to chromosome 11 (8, 9) . Potential loci in human at 5q and 17q were inferred by comparative mapping. Shoji et al. revealed linkage to a region flanking D5S658 and D5S434 of 5q31-32 in a family (10) . The authors and others have recently cloned an organic cation transporter gene, OCTN2, the product of which mediates the uptake of organic cations and carnitine. This gene was also mapped to the same region of chromosome 5 (11, 12) . We hypothesized that the OCTN2 locus is linked to primary carnitine deficiency and have carried out mutation analysis in a family with confirmed cases of primary carnitine deficiency. Genomic DNA from family members and the proband was studied and the effect of mutations on carnitine uptake was examined in a transient expression system, using a human retinal pigment epithelial cell line, HRPE.
RESULTS AND DISCUSSION

Clinical data
The clinical history of the family was reported previously (13) . In brief, the proband (III:2) was the second child in a Chinese family (Fig. 1) . He was admitted with acute metabolic derangement at the age of 6 months, went into cardiac arrest and succumbed shortly after admission. Peri-mortem serum free carnitine was 9 µmol/l (reference range 22-50 µmol/l) with a normal free carnitine to acylcarnitine ratio. The diagnosis was established by measurement of carnitine uptake into fibroblasts, which was only 5% of normal. His elder sister also died after a similar presentation, but tissue was not available for investigation. Carnitine loading was performed in the parents to determine the maximal renal re-absorption capacity (Tm) for free carnitine. The father (II:4) and mother (II:6) of the proband had reduced Tms of 24.5 and 29.7 µmol/l glomerular filtrate (GF), respectively. They were clearly below that of the control (47 µmol/l GF) and the control range reported in literature (55 ± 6.5 µmol/l) (14) , indicating that both were heterozygotes for a defective carnitine transporter.
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Mutation analysis
Four sequence variants were identified by single strand conformational polymorphism (SSCP) and determined by sequencing of both sense and antisense strands of the PCR products. The patient inherited a truncating mutation in exon 2 from his father. There was a G→A transition at cDNA nucleotide position 617 in codon 132 of exon 2 which codes for a stop signal instead of Trp (Fig. 2a) . (The nucleotide positions of OCTN2 are according to GenBank accession no. AF057164.) Three sequence variants were found on the maternal chromosome, which included a missense mutation and two silent mutations. In exon 8, transition at cDNA nucleotide position 1654 from C to T predicts a Pro478Leu substitution (Fig. 2b) . The two silent polymorphisms involved a C→T transition in cDNA nucleotide position 506 of exon 1 and a G→A substitution at position 1028 of exon 4. The truncating and the missense mutations were screened among 80 cord blood samples from a series of consecutive deliveries. The Trp132Stop mutation was screened by restriction analysis as it removed a restriction site for NlaIV. A mismatch PCR was used to identify Pro478Leu and the results were subsequently confirmed by direct sequencing. Neither Trp132Stop nor Pro478Leu were found in 160 chromosomes from this population sample (data not shown), confirming that they were uncommon alleles in the population.
Genotype was determined among relatives of the family (Fig. 1 ). Two siblings of the father (II:4) of the proband carried Trp132Stop. 
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This mutation was presumably inherited from the grandfather (I:1). In addition, two siblings of the mother (II:6) carried Pro478Leu, which was inherited from the maternal grandfather (I:3). The serum carnitine level was significantly lower in the seven OCTN2 mutation carriers (23.2 ± 3.7 µmol/l, mean ± SD) than those of five relatives with the wild-type allele (36 ± 9.8 µmol/l, P < 0.05 by Mann-Whitney test). However, there were overlapping serum free carnitine levels in one carrier and one subject with the wild-type alleles, which were 29.4 and 26.6 µmol/l, respectively.
Sequence comparisons among organic cation transporters
OCTN2 belongs to the family of organic cation and anion transporters (15) . The organic cation transporter members of this family include OCT1, OCT2, OCT3, OCTN1 and OCTN2 (11, (16) (17) (18) (19) . A comparison of amino acid sequence among the family members indicates that OCTN1 and OCTN2 constitute a subfamily because they are related to each other much more closely than to the remaining members (Fig. 3) . All of these transporters mediate the uptake of a variety of organic cations in a sodium-independent manner. Only OCTN2 has an additional property of sodium-dependent carnitine transport. Thus, OCTN2 mediates the uptake of organic cations in a sodium-independent manner and the uptake of carnitine in a sodium-dependent manner (11, 12) . Interestingly, a recently identified gene product in rat, rUST2r (20) , shows an extremely high degree of homology at the level of amino acid sequence with OCTN2, which may be the rat homologue of a carnitine transporter.
The locations of the two mutations in OCTN2 found in the family are indicated in Figure 3 . Trp132, which is mutated to a termination codon, is present in the first extracellular loop of OCTN2 protein between transmembrane domains 1 and 2. This mutation will result in a premature termination of translation. Pro478, which is mutated to Leu, is present in transmembrane domain 11 near the extracellular surface. This residue is highly conserved among different members of the organic cation transporter family (Fig. 3) . Substitution of proline with any α amino acid is expected to result in a significant change in the conformation of the protein. The presence of proline on the extracellular side of transmembrane domain 11 of the predicted topology of the protein may contribute to a particular conformation of the protein that is necessary for the formation of a proper substrate-binding site. This arrangement is expected to be disturbed when this amino acid residue is replaced by an α amino acid. 
In vitro expression studies of the effects of the mutations on transport activity
The effects of the two mutations, Trp132Stop and Pro478Leu, on the transport function of OCTN2 were evaluated. The mutants were generated by site-directed mutagenesis and the transport function of the mutants and the wild-type OCTN2 was measured by expression in mammalian cells. A transient expression system using the vaccinia virus expression technique was employed for this purpose. Cells transfected with the vector (pSPORT) alone were used to measure endogenous carnitine transport activity. Transfection of the cells (HRPE) with wild-type OCTN2 cDNA increased sodium-dependent carnitine transport ∼20-fold (incubated with a carnitine concentration of 25 nM) compared with transfection with the vector alone. In contrast, transfection with the Trp132Stop and Pro478Leu mutant cDNAs failed to increase carnitine transport significantly above the endogenous level (Fig.  4) . Similar results were obtained at higher concentrations of carnitine, 5 and 25 µM. At all three concentrations of carnitine, the two mutants possessed <1% of transport activity compared with the wild-type. These results confirmed that both Trp132Stop and Pro478Leu were loss-of-function mutations in OCTN2.
In conclusion, we have demonstrated that two deleterious mutations in OCTN2, which is an organic cation transporter protein possessing sodium-dependent carnitine transport activity, underlie the early presentation form of CDSP. It is likely that the late presenting phenotype is also related to OCTN2, as both early onset and late onset diseases have been reported in two affected siblings from a single family (21) . A truncating mutation and a missense mutation of a highly conserved residue in a transmembrane domain were described (Table 1) . Identification of the responsible gene, OCTN2, in CDSP will allow the disease to be diagnosed at the molecular level. As serum carnitine levels may overlap between carriers and non-carriers, as was shown in this family, reliable determination of carrier status can now be done by mutation analysis. More importantly, reliable prenatal diagnosis or early postnatal diagnosis of neonates suffering from CDSP would allow early institution of carnitine treatment, which would prevent both life-threatening Reye's-like illness and cardiomyopathy. However, further studies are required to determine and compare the spectra of mutations responsible for the two different presentations of CDSP.
MATERIALS AND METHODS
DNA preparation and mutation detection
Genomic DNA from whole blood or fibroblast cultures was extracted with Qiagen DNA extraction kits. Amplification of the 10 exons of the OCTN2 gene was carried out by intron-based primers in genomic DNA from the patient and family members ( Table 2) . Exon 1 was amplified into two overlapping products of <400 bp to facilitate SSCP. An aliquot of 300 ng of genomic DNA was used in each PCR reaction, which contained 0.1 µg of each primer, 1 U Taq polymerase and 200 µM dNTP in 25 µl 1× PCR buffer (Life Technologies, Gaithersburg, MD). It was carried out with a programme of 95_C for 5 min followed by 35 cycles at 95_C for 45 s, 60_C for 30 s and 72_C for 30 s in a TC1 thermal cycler (Perkin Elmer, Foster City, CA).
Sequence variants were screened by SSCP on an MDE gel (FMC BioProducts, Rockland, ME) with or without 10% glycerol at room temperature. Samples showing mobility shift were sequenced with the PCR product as template on both strands with the primers shown in Table 2 on an ABI 377 automated fluorescence sequencer. Restriction digestion was carried out according to the manufacturer's instructions (MBI, Lithuania).
A mismatach PCR was performed for detection of Pro 478Leu in exon 8 with a mismatch primer 5′-CTGGGCAGCATCCTG-GCTC-3′ and primer 8R ( Table 2 ). The mismatch primer is located immediately upstream of position nt 1654. The wild-type allele is digested by NlaIV to give a 76 bp fragment. C→T mutation at position 1654 (Pro478Leu) abolishes the restriction site and the PCR product remains undigested at 93 bp. The products were seperated by 8% polyacrylamide gel electrophoresis.
Generation of mutants and analysis of transport activity
The QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) was used to generate the mutants according to the manufacturer's protocol. The procedure uses Pfu DNA polymerase which replicates both strands with high fidelity and without displacing the mutant primers. Two synthetic oligonucleotide primers (sense and antisense) specific for the human OCTN2 cDNA and containing the desired mutation in the middle were used. Following PCR, the product was digested with DpnI to digest the parental DNA template, leaving behind the nicked dsDNA containing the mutation introduced in the primers (22). The resultant product was then transformed into Escherichia coli for repair of the nicks and amplification. The entire coding region of the mutant cDNAs was sequenced to confirm the presence of the introduced mutation and the absence of any unwanted mutations arising from PCR. The sense and antisense primers for generation of the Trp132Stop mutant were 5′-ccattgtgaccgagTGAaacctggtgtgtgaggac-3′ and 5′-cgtcctcacacaccaggttTCActcggtcacaatg-3′ (mutated codon in upper case letters). The sense and the antisense primers for generation of the Pro478Leu mutant were 5′-gcatcctgtctCTCtacttcgtttaccttg-3′ and 5′-caaggtaaacgaagtaGAGagacaggatgc-3′ (mutated codon in upper case letters). Functional expression of the wild-type and mutant OCTN2 cDNAs was done in a HRPE cell line using the vaccinia virus expression technique (23, 24) . HRPE cells have very low levels of endogenous carnitine transport activity. Uptake of [ 3 H]carnitine in transfected cells was studied at three different carnitine concentrations (25 nM and 5 and 25 µM). The uptake medium (pH 7.5) contained 20 mM HEPES-Tris, 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.8 mM MgSO 4 and 5 mM glucose. After incubation of the cells with [ 3 H]carnitine for 30 min, the medium was removed and cell monolayers were quickly washed three times with the uptake medium. The radioactivity associated with the cells was then measured following digestion of the cells with 0.2 M NaOH, 1% SDS.
